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FLIGHT-DETERMINED DERIVATIVES AND DYNAMIC CHARACTERISTICS 

O F  THE CV-990 AIRPLANE 

Glenn B. Gilyard 
Flight Research Center 

INTRODUCTION 

Although jet transports have been in operation about 10 years, there is little pub
lished information on the basic aerodynamic characteristics of this class of aircraft. 
Documentation of the stability and control derivatives and characteristics of a repre
sentative aircraft of this class would provide useful baseline data for comparison with 
design trends of future transports and for use in simulation studies. To provide such 
documentation, a flight program was conducted on a NASA-operated CV-990 transport 
which included investigations of stalls ( re f .  l), landings, ground effects, noise (ref. 2), 
handling qualities (refs. 3 and 4), and aerodynamic characteristics. 

This report documents a wide range of aerodynamic stability and control derivatives 
obtained from stability and control maneuvers by using a newly developed digital-
computer matching program (Newton-Raphson method described in ref. 5). The report 
also includes the calculated longitudinal short-period and Dutch roll characteristics of 
the airplane a s  well a s  measured phugoid characteristics. 

The longitudinal and lateral-directional derivatives are  presented for flight condi
tions from 120 knots to 195 knots indicated air,speed at  an altitude of approximately 
3960 meters (13,000 feet) with the airplane in various landing configurations and for 
Mach numbers from 0.40 to 0.87 at altitudes of 6096 meters and 10,670 meters 
(20,000 feet and 35,000 feet) in the cruise configuration. 

SYNIBOLS 

Physical quantities in this report a re  given in the International System of Units (SI) 
and parenthetically in  U. S. Customary Units. The measurements were taken in 
Customary Units. Factors relating the two systems are presented in reference 6. 

an normal acceleration at center of gravity, g units 

at transverse acceleration at center of gravity, g units 

b wing span, meters (feet) 
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-- 
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CL lift coefficient, Lift
6s 

rolling-moment coefficient, Rolling moment 
qSb 

- acl ,per radian 
clP 8% 

ac,

- L 

‘2, rb , per radian 
a2v 

ac
L-

‘2ga @a 
, per radian 

--,per radian 

...Cm pitching-moment coefficient, Pitching moment 

tjSC 

acm 
Cmq - ,per radian 
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%Y- aa!,per radian 

acm-
‘m6 Me ,per radian 
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cN normal-force coefficient, Normal force 

ss 
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cNq =- ,per radian 
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- K N  
cN,- aa,,per radian 

- aCN 
cN6 e -q,per radian 

yawing-moment coefficient, 

x n  , per radian 

x n  ,per radian 

x n  
=- , per radian 

np a p  

- 8% 
%a ab, , per radian 

- 8% 
'"6, ab, 

, per radian 

8% 
-crib, a6, , per radian 

Yawing moment 
Sb 

Lateral force 
CY late ral-force coefficient, 

i s  

X Y-
cYP -g ,per radian 

ac,I c = - rb , per radian 
yr a= 

aCY-
+p -ap, per radian 

c = -aCY ,per radian 
y6a *a 
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- aCY 
CY& - a6,,per radian 

- aCY 
a6, 

,per radian
' ~ 6 ~  

-
C mean aerodynamic chord, meters (feet) 

g acceleration due to gravity, meters/second' (feet/second2) 

hP pressure altitude, meters (feet) 

1x3Iy,Iz moments of inertia about X-, Y-, and Z-body axes, 
respectively, kilogram-meter2 (slug-foot') 

I x z  product of inertia referred to the body X- and Z-axes, 
kilogram-meter' (slug-foot2) 

n 


L =cz qSbL , l/second
P P'VIX 

$b2-, l/secondL,=Cz r 2VIx 

L =cz qSb, l/second2
P P Ix 

LdS = C Q j T  , l/second' 

distance from center of gravity to center of pressure of the 
elevator, meters (feet) 

Mach number 

M4 = C92- , l/second 

M a =  Cm "',- l/second'
a! IY 
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$6 
“6, 

= Cm6 I,
e Y  

l/second2 

m airplane mass, kilograms (slugs) 

iSb2 , l/secondNP = ‘apBVIz 

4Sb2 
N r  = ‘nr B V I ~, l/second 

N a =  CNa m V ’  l/second 

Np = C n p qqsb, l/second2 

Ns, = ‘ n 6 , qqsb , l/second2 

P period, seconds 

roll, pitch, and yaw rate, respectively, radiandsecond 
(unless otherwise noted) 

roll, pitch, and yaw acceleration, respectively, radians/second2 

dynamic pressure , newtons/meter2 (pounds/foot 2) 

S wing area, meters2 (feet2) 

‘r roll mode time constant, seconds 

‘S spiral mode time constant, seconds 
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Tl/2 time for transient oscillation to damp to half amplitude, 
seconds 

t time, seconds 

V velocity, meterdsecond (feet/second) 

W airplane weight, kilograms (pounds) 

xa!,xp distance from center of gravity to  angle-of-attack and angle-of
sideslip sensors, respectively, positive forward, meters 
(feet) 

aSbYP = c y -'2mv2 

qSbY r = C y -
'2m v2 

YP = c y pmV' l/second 

Y6, -- CY6,;;TV , l/second 

a! angle of attack at center of gravity, radians (unless otherwise 
noted) 

04: instrument indicated angle of attack, degrees 

P angle of sideslip at  center of gravity, radians (unless otherwise 
noted) 

Pi instrument indicated angle of sideslip, degrees 

h, i a! and p rates, radians/second 

A incremental change 
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E 

Subscript s : 

i 

0 


average aileron, rudder, spoiler, elevator, and Fowler flap 
deflection, respectively; positive: trailing edge of rudder 
left, aileron and spoiler deflections which produce right roll, 
elevator trailing edge down, Fowler flap trailing edge down; 
radians (unless otherwise noted) 

wheel displacement, positive clockwise, degrees 

angle between body X-axis and principal X-axis, positive 
when body axis is below principal axis at nose of airplane 

damping ratio 

Euler angle of pitch and roll, respectively, radians (unless 
otherwise noted) 

8 and 9 rates, radiandsecond (unless otherwise noted) 

indicated 

initial 

AIRPLANE DESCRIPTION 

The CV-990 airplane (figs. 1and 2 and table 1)is representative of the low-wing 
jet transports now in operation. It has a design cruise Mach number of approximately 
0.85 between 10,670 meters and 12,192 meters (35,000 feet and 40,000 feet) altitude. 
The wing and tail are  both swept 35O at the 30-percent-chord line. The dihedral of 
the wing is 7'; the dihedral of the tail is 7.5". The basic commercial version has a 
dry weight of 67,132 kilograms (148,000 pounds) and a design gross takeoff weight of 
111,585 kilograms (246,000 pounds). The version tested was unfurnished and had a 
dry weight of 56,700 kilograms (125,000 pounds) and, with maximum fuel, a gross 
takeoff weight of 101,152 kilograms (223,000 pounds). Normal flap deflections are  27' 
for takeoff and 50" for approach and landing. 

The airplane has two antishock bodies on each wing that a re  used to store fuel and 
to reduce transonic drag rise. The propulsion is provided by four General Electric 
C5805-23 aft-fan turbojets which a re  pod-mounted and suspended below and forward 
of the wing on highly swept pylons. 

Longitudinal Controls 

The primary longitudinal control is the elevator, which is operated by the aero
dynamic forces of the mechanically operated elevator flight tabs. The limits of the 
elevator are  2 5 O  up and 12O down; the flight tab limits a re  12O up and 25' down with 
respect to the elevator. The control column forces a re  minimized by the aerodynamic 
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balance of the tabs. 

A completely movable horizontal stabilizer provides the gross longitudinal trim 
required on takeoffs and landings and the Mach trim required in the tuck region.' The 
limits of the horizontal stabilizer a r e  2.5' leading edge up and 13.25O leading edge
down. 

Slotted (Fowler) flaps are incorporated in the trailing-edge section of each wing, 
on either side of the ailerons. The flaps are hydraulically actuated and have five detent 
positions corresponding to O', lo', 27', 3 6 O ,  and 50° (full down). There are eight 
leading-edge (Krueger) flaps on each wing. Each flap has two positions (fully retracted 
and fully extended), is hydraulically actuated, and is controlled by the trailing-edge
flap lever according to the following schedule: 

Trailing-edge (Fowler) flaps Leading-edge (Krueger) flaps 
-

O0 All retracted 
l o o  and 27' I All extended 
36' and 50' All extended, except inboardI flap 

~ ~~ 

Lateral Controls 

The ailerons a re  positioned by aileron tabs and operated from the pilot's wheel. 
The maximum deflection of the pilot' s wheel mechanically commands the maximum 
aileron flight tab travel of Q O o  which, through the aerodynamic boost, operates the 
ailerons with a maximum travel of *15O. 

The spoilers, which provide approximately 80 percent of the roll control power, 
are  directly connected to the copilot's wheel. The maximum spoiler deflection is 7'5" 
for the inboard spoilers and 60" for the outboard spoilers for indicated airspeeds of 
less than 200 knots. For airspeeds greater than 200 knots, the spoilers have a blow-
down feature, because the actuators do not have enough power to command full de
flection. The outboard spoilers can reach the maximum deflection in l second, 
whereas the inboard spoilers require 1.25 seconds. The spoilers can be disconnected 
from the lateral control system to permit aileron-only control. The pilot' s and co
pilot' s controls a r e  interconnected in the cockpit. The variation of aileron and 
spoiler deflection is presented in figure 3 for the normal range of wheel usage. 

Directional Controls 

In normal operation, the rudder is hydraulically actuated and has a total travel of 
&5'. The rudder flight tab is deflected with the rudder in a 1 to 1 ratio, thus providing 
additional control power. The rudder also receives commands from a yaw damper 
computer proportional to yaw rate, r, and yaw acceleration, G. These commands 
a re  obtained by taking the difference of two longitudinally displaced lateral accelerom
eters to produce the i- term and then introducing lag in the I loop to yield the r 
component. . ... . .  .. 

'TruuOniC region where drplure has a n 8 M  tendency to nooe down 
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INSTRUMENTATION 

The recording instrumentation used is listed in table 2. Angular accelerometers 
were not used. The instrumentation was alined with the body axes, and the angle-of
attack and angle-of-sideslip vanes were mounted on a nose boom which also contained 
an airspeed-altitude probe. 

The data were recorded by three 15.24-centimeter- (6-inch-) throw, 26-channel 
oscillographs. The data were  read at 0. l-second intervals, with the length of the runs 
varying from 10 seconds for heavily damped short-period longitudinal data to 25 seconds 
for lightly damped Dutch roll data. 

Table 2 lists the ranges of the various sensors and the total cumulative errors  esti
mated from the following sources: transducer, recording system, zeros, and calibration. 
The e r ror  introduced by the reader was nil. Because of zero-shift errors  in the record
ing system, the angle-ofattack values in table 3 were taken mainly from pilot notes. 

TEST CONDITIONS 

The Mach number and altitude conditions at which data were obtained are  shown 
in figure 4; pertinent aircraft conditions are  given in table 3 .  All  the data were ob
tained at preselected Mach and altitude conditions, but at  existing weights and center
of-gravity positions. Although the gross weight and center of gravity were measured, 
corresponding moments of inertia were estimated (table 3) on the basis of limited data 
from the manufacturer. Because of the uncertainty of the inertias, the derivatives are  
presented in dimensional a s  well as  nondimensional form. 

Pullup and release maneuvers were used to determine the longitudinal derivatives. 
The phugoid mode was also excited to measure phugoid characteristics. The lateral-
directional set of maneuvers consisted of a rudder doublet, aileron-plus-spoiler 
doublet, and an aileron-only doublet. All the maneuvers were started from a level 
trim condition at a selected altitude with the Mach trim and yaw damper off except for 
four maneuvers made with the yaw damper on. 

DATA AND ACCURACY ANALYSIS 

Data Analysis 

The longitudinal short-period damping ratio was high enough (0.4 to 0.8) to make 
simple methods of analysis impracticable. However, the lateral-directional maneuvers 
were lightly damped (g < 0.075) so that control-fixed free oscillations could be analyzed 
by using the time vector method (ref. 7). The vector method results were used pri
marily to check the derivatives obtained with the more versatile, newly developed, 
Newton-Raphson derivative extraction technique used throughout the analysis (ref. 5 ) .  
The equations used in the analysis are presented in appendix A, and the application of 
the Newton-Raphson technique during this investigation is discussed in appendix B. 
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The basic principle of the Newton-Raphson technique is that deviations between flight 
and calculated time histories of airplane response to control inputs are minimized. 
The calculated time histories were based on the mathematical model described in ap
pendix A. Typical matches, which represent the landing and cruise codgurations, 
are presented in figures 5 and 6 for the longitudinal short-period mode and Dutch roll 
mode, respectively. 

The frequency, damping, and dynamic characteristics were calculated from the 
final set of flight derivatives. 

Although only one longitudinal maneuver for each flight condition was considered 
necessary for analysis purposes, three lateral-directional maneuvers were required 
to provide sufficient dynamic data to obtain consistent results. The need for several 
lateral-directional maneuvers first became evident when separate matches of several 
available maneuvers, for any one flight condition, did not yield a unique set of 
derivatives. That is to say, some of the derivatives obtained from matching independ
ently a rudder doublet, an aileron doublet, and an aileron-plus-spoiler doublet were 
significantly different. However, by matching all the lateral-directional doublet 
maneuvers simultaneously at a specific flight condition, a unique set of derivatives 
was apparently obtained. 

Although the ailerons and spoilers did not move together in a precise ratio, the 
phasing of their motions was so nearly identical that the effectiveness of each surface 
could not be determined individually by the Newton-Raphson method. The aileron-only 
doublet, however, provided the additional information required to simultaneously 
separate the two control derivatives. The aileron control derivatives are  determined 
primarily from the information content of the aileron-only maneuvers and the spoiler 
derivatives are  determined from the information contained in the aileron-plus-spoiler 
maneuvers. In all instances the consistency of the derivatives increased with the 
number of maneuvers being matched simultaneously. 

Early in the program, aileron-only doublet data were not obtained, hence a yaw
damper-on doublet was also matched with the rudder and aileron-plus-spoiler doublets 
for improved accuracy. 

A data sample rate of 10 points per second was used to match the time histories 
of the longitudinal mode, whereas a 5-point-per-second rate was used for the lateral-
directional mode. Because the aircraft inertias were not accurately known, the cross 
product of inertia was assumed to be zero. Available data from the manufacturer also 
indicated that this assumption was valid. Further information on assumed inertias and 
data sample rate is presented in appendix B. 

Accuracy Analysis 

With the Newton-Raphson method an indication of the quality o r  the confidence level 
of each derivative is computed in terms of a variance. The variance is determined with 
respect to every other derivative and variable of a particular match and is defined a s  
the lower bound of the standard deviation, provided certain assumptions about the data 
are valid. The basic assumption is that the data being analyzed can be accurately 
described by the model with only white noise superimposed. Reference 5 shows that 
although this basic assumption is not exactly met, for engineering purposes it is 
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satisfied. The use of the variance, however, is of limited value because the definition 
implies that if the variance is small, the derivative could (although need not necessarily) 
be well defined, whereas i f  the variance is large, it can be assumed that the derivative 
is poorly defined. 

Table 4 shows the average variance of each derivative and the probable-error 
index, which is defined a s  the average ratio of the variance to the derivative magnitude 
in percent. As  would be expected, the static stability derivatives and the major control 
derivatives have a low probable-error index, which indicates that the quality of these 
derivatives is good. The probable-error index is not meaningful and therefore not 
presented for derivatives having values approaching o r  passing through zero, or both. 

RESULTS AND DISCUSSION 

In the following analysis, the airplane stability and control derivatives a re  related 
to such variables a s  lift coefficient, Mach number, and flap setting. Initially, angle 
of attack w a s  chosen because classically it is the most used parameter. However, the 
zero corrections for the angle-of-attack indicator varied from flight to flight and on a 
few flights were not obtained. A s  a result, the angle-of-attack measurements were 
not completely reliable. The derivatives are  therefore related to lift coefficient, a 
more accurate parameter which is dependent only on airplane weight, normal accelera
tion, and dynamic pre s sure. 

Longitudinal Stability and Control Derivatives 

The longitudinal derivatives obtained from the analysis of pullup and release 
maneuvers a re  presented in terms of lift coefficient for the low-speed flight conditions 
and in terms of Mach number for the clean configuration flight conditions. The pitching 
moment and normal-force derivatives are  presented in figures 7 and 8, respectively. 

Because the high-speed derivatives a re  plotted in terms of Mach number, the data 
at  constant altitude contain angle-of-attack and dynamic-pressure effects which in turn 
affect aeroelasticity. Dynamic-pressure effects could not be isolated with the available 
flight data because of lack of control over the flight conditions. The dynamic character
istics calculated from the flight-obtained derivatives are  presented in figure 9 together 
with measured phugoid characteristics. Dimensional body-axis derivatives are  given 
in table 5. 

Stability derivatives.- In order to provide meaningful comparisons, the static 
stabilitf derivative, Cm,, was corrected to 0.25C. Figure 7 shows Cm, to be 

nearly invarient with CL for the low-speed conditions with the flaps set at 50'; how

ever, the data do not appear to show a consistent trend with the flaps at  27O. On the 
other hand, the clean configuration data show a fairly consistent difference between 
the data for 6096 meters and 10,670 meters (20,000feet and 35,000 feet) altitude. 
This indicates a significant effect of lift coefficient at any one Mach number and possibly 
also aeroelasticity with increasing Mach number a s  reflected in the relative trends of 
the constant CL lines in the figure. Transonic effects could also be a factor at the 

11 




-- 

higher Mach numbers . 
The damping derivative, Cm (fig. 7), increases negatively with increasing CL q 

for low-speed flight conditions. The data indicate a slight decrease in Cm4 resulting 

from lowering the flaps from 27O to 50°. In general, the higher damping of the low-
speed maneuvers gave rise to greater uncertainties in the data analysis. At high 
speeds Cm

4 
shows a definite increasing trend with increasing Mach number but does 

not vary significantly with CL. The discrepancies at CL = 1 . 2  for 50" flaps, and the 

one at M = 0.80, hp = 10,670 meters (35,000 feet), are believed to be due to poorly 

conditioned maneuvers. 

The lift-curve slope, CN, (fig. 8), appears to decrease with increasing CL at 

the low-speed conditions but shows no clear trend due to flap deflection. The high-
speed trends for CN, also show CL or  aeroelastic effects, o r  both, a s  evidenced 

by differences between the 6096-meter and 10,670-meter (20,000-foot and 35,000-foot) 
data at the same Mach number. Although CN, increases with Mach number at a 

constant altitude , this is attributed partially to  angle -of -attack variation. 

At low speeds CN
4 

(fig. 8) increases rapidly (in the positive direction) with in

creasing CL. The rather large values of C
Nq 

at  high lift coefficients have a s  much 

effect on airplane frequency a s  the usually more dominant derivative, Cm,. Large 

values of CN also produce significant transient lift effects during certification stall 
q 

maneuvers. This high sensitivity of normal acceleration to pitch rate resulting from 
high values of CN4 

is shown more clearly in the following approximation: 

v 

"0Aa, (due to q) = -N q
g q 

Aan - -Vo N = 0.068 g/deg/sec
q g q 

Scatter in the data precludes identification of possible flap effects. 

At high speeds CN shows a decreasing trend with increasing Mach number and 

decreasing altitude, tending toward zero and negative values at  the high Mach numbers. 

Control derivatives.- The pitch control derivative, C (fig. 7), shows little 
mbe 
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variation with either lift coefficient or flap deflection at low speeds, and is essentially 
invariant with Mach number. The derivative C N ~(fig. 8) was not an independente 
variable in  the derivative matching process but was calculated from the expression: 

Thus, CNse is also approximately a constant for all flight conditions. 

The Newton-Raphson method provides a measure of the variance of the determined 
derivatives. The average variance and the probable-error index, which is the per
centage of the variance to the actual magnitude of the derivative, are given in table 4. 
These probable-error indexes indicate that Cma is the most reliable of the longitudinal 

set followed in order of descending reliability by C , CN,, and Cm . Although no 
"6, 

probable-error index is presented for CN
g' 

comparison of the average variance with 

each individual flight value of Nq (table 5(a)) clearly shows that CN is the most 

poorly defined of the group. The quality of the derivatives is generally consistent with 
results from other methods of analysis such as analog matching (ref. 7). 

Short-Period Characteristics 

The period and damping characteristics calculated from the flight-determined 
derivatives a re  presented in figure 9(a). The results appear to show consistent varia
tion with Mach number and altitude despite the high damping ( L  = 0.4 to 0.8) of the 
maneuvers analyzed. The period, P, ranges from 15 seconds at the lowest speeds to 
3 seconds at high speeds, and decreases with increasing Mach number (constant 
altitude) o r  decreasing altitude (constant Mach number) as a result of increasing dynam
ic pressure. Both C and Tl/z show decreasing trends with increasing Mach number. 
None of the characteristics exhibits variation due to flap deflection. 

Phugoid Characteristics 

The phugoid period and damping characteristics measured from oscillograph 
records are presented in  figure 9@). Data are presented for the basic, unaugmented 
aircraft and for the aircraft with the Mach trim compensator engaged for Mach numbers 
greater than 0.50. Comparison of the phugoid period with the classical approximation, 
P =L,2nv shows the results for the low-speed, flaps-extended configurations to be 

g 
consistently higher than predicted. Results for the clean configuration agree well with 
predictions at low Mach numbers, but fall substantially below predictions at high Mach 
numbers. 
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The Mach trim compensator had no clear effect on the phugoid period below the 
tuck region. With the compensator disengaged, however, a tuck was observed at a 
Mach number of 0 . 8 7  and an altitude of 10 ,670  meters (35,000 feet). At other high-
speed conditions (M 2 0.85) with the Mach t r im compensator off, the airplane reached 
an overspeed condition within the first cycle of the phugoid oscillation. 

The phugoid was divergent ([ < 0) at all Mach number and altitude conditions 
covered with the airplane in the clean configuration (fig. 9(b)), and the Mach t r im com
pensator had no discernible effect on damping. 

Deflection of the flaps revealed an interesting variation of phugoid damping with 
airspeed. The damping for flap settings of 27" and 50" steadily deteriorates as Mach 
number decreases to about 0 . 2 7  (140 knots) at which point the damping is essentially 
neutral for the 27" flap setting. Further reduction in speed is accompanied by a rapid 
increase in damping. This variation with speed is believed to result from a shift from 
the front side to the back side of the power curve as speed is reduced below about 
140 knots. The point of minimum damping corresponds approximately to the point of 
maximum lift-to-drag ratio. 

Lateral-Directional Derivatives 

The derivatives and corresponding calculated dynamic characteristics for the 
lateral-directional modes are  presented in figures 10 to 16. Included with the dynamic 
characteristics a re  data obtained with the yaw damper on. The dimensional body-axis 
derivatives a re  summarized in table 5. 

Static stability derivatives.- The dihedral effect derivative, Cz 
P 

(fig. l o ) ,  for the 
. . .  _ _  

low-speed configurations shows a significant increasing trend with increasing lift coef
ficient and is essentially unchanged by flap deflection at any specific CL. The data 

for the clean configuration show Cz increasing with altitude at  constant Mach number,
P 

which indicates a pronounced increase with increasing CL and thus increasing angle 

of attack. A t  constant altitude, remains relatively constant with increasing Mach 
czP 

number and thus decreasing angle of attack, from which it may be inferred that an in
crease in C l  with increasing Mach number is counteracted by a decrease in C l  

P P 
with decreasing angle of attack. 

For the low-speed configurations the directional stability derivative, C 
np (fig. 10), 

shows a significant decreasing trend with increasing lift coefficient at  low speeds and 
a well-defined increase in directional stability with increasing flap deflection. Flap 
deflections from 0" to 27" and from 27" to 50' produce about equal incremental changes 
in Cnp. The directional stability derivative shows an increase with Mach number at 

constant altitude caused primarily by angle-of-attack effects. The variation of Cn
P 

with altitude at a constant Mach number again reflects mainly angle-of-attack effects. 
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There is no significant effect of lift coefficient on C yP (fig. 10) for the CL range 

investigated; however, within the scatter of the data there is a trend toward a slight
increase (negatively) caused by lowering the flaps. For the clean configuration, cyP 
appears to be unaffected by the variables considered. 

On the basis of the probable-error indexes in table 4, it appears that CnP , CZg’ 
a re  the most accurate of the 16 derivatives determined. 

and c y P  

Rotary derivatives.- The damping-in-roll derivative, CzP 
(fig. ll), was nearly 

constant for the low-speed configurations over the CL range of these tests; however, 
increasing flap deflection does appear to result in a slight decrease in Cz For the 

P’ 
cruise configuration there does not appear to be a conclusive trend in the variation of 

cz P 
with Mach number and altitude; however, aerodynamic theory indicates a close 

relationship between Cz and C A comparison of Cz (fig. 11)and CN (fig. 8)
P Na!’ P a! 

suggests that the C l  
P 

value at a Mach number of 0.40 and the Cz P 
value for an altitude 

of 10,670 meters (35,000 feet) at a Mach number of 0.70 a r e  both high. If these possi
bilities a r e  taken into account, does increase with increasing Mach number. The 

czP 
probable-error index in table 4 shows that the damping-in-roll derivative was one of 
the more accurate derivatives determined. 

The data for the directional damping derivative, Cn, (fig. ll), for the configura

tions with flaps deflected indicate a decreasing trend with decreasing l i f t  coefficient. 
There are  no clearly discernible effects of flap position on the derivative. The results 
for the clean configuration show an average value of about -0.09, with no definite trend 
with Mach number. Table 4 shows that the probable-error index value for this 
derivative is among the highest and thus the accuracy or quality of the derivative is 
among the weakest. 

In figure 12 the cross-coupled derivatives, cl r and (2%’ although dif�icult to 

measure accurately, vary with lift coefficient in the low-speed configurations. The 
trends shown are typical inasmuch as the wing is the principal contributing element. 
There is a slight reduction in C

nP 
with increasing flap deflection. 

Data for the cruise configuration show considerable scatter in Czr and C 
nP’ 

obscuring any trend with Mach number or angle of attack. The magnitudes of both Czr 

and C
nP 

are  near zero, so that only average variances could be presented meaningfully 
in table 4. 
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The CyP and CY r derivatives were not determined because of their negligible 

effect on airplane response. 

Control derivatives.- For the configurations with flaps deflected, figure 13 shows 
that the lateral spoiler effectiveness increases with lift coefficient and flap deflection, 
whereas the aileron effectiveness decreases with increasing lift coefficient and is not 
affected by flap deflection. The two derivatives are of approximately the same magni
tude for the 27' flap configuration; however, it should be noted that most of the roll 
control was provided by the spoilers, which deflected approximately four times a s  
much as the ailerons. 

For the cruise configuration, the aileron and spoiler control derivatives show a 
definite Mach effect, which generally increases with increasing Mach number. There 
was no clear effect of lift coefficient on these derivatives. 

The rudder cross-control derivative, C (fig. 13),  shows considerable variance 
'6, 

with both CL and Mach number but is clearly positive for all flight conditions inve sti

gated. 

In figure 14 the rudder control power, C , in the low-speed configurations shows 
n6r 

a clearly defined variation with lift coefficient, although little effect due to flap deflec
tion is indicated. For the cruise configuration the rudder control effectiveness shows 
a steady decline with increasing Mach number at 6096 meters (20 ,000 feet). There is 
no conclusive trend with altitude or dynamic pressure.  

The coefficient of yaw due to aileron control, CnQ, was positive for all config

urations and at all flight conditions studied (fig. 14). There is no apparent effect of 
lowering the flaps. In the clean configuration, C shows an apparent Mach effect 

"da 
at an altitude of 10,670 meters (35 ,000  feet) but not at 6096 meters (20,000 feet). 

The coefficient of yaw due to spoiler deflection, C (fig. 14), for the configurations 
Q S  

with flaps deflected is positive as expected and, like Cz , increased substantially as 
6s 

the flaps were lowered. Little, if any, effect of lift coefficient is indicated. For the 
cruise configuration, C appears to be fairly constant with Mach number.

"s, 
The side force control derivative, (fig. 15), for the takeoff configuration 

shows a definable trend with CL, changing from positive to negative values with in

creasing lift coefficient. Lowering the flaps to the landing configuration results in an 
apparent negative increase in this derivative. The derivative Cy (fig. 15) for the 

6 s  
landing configuration exhibits an apparent variation with CL, increasing from nega

tive values at low CL to positive values at high CL. The derivative C 
y% shows 
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an inconclusive variation with lift coefficient. 

For the cruise configuration the side force control derivatives show no systematic 
trends with Mach number; however, ' ~ 6r has a well-defined positive value whereas 

C and C are near zero. 
Y6a y6S 

The probable-error indexes for the roll and yaw control derivatives (table 4) are  
low except for C . The data for Cz were generally of poor quality.

'6, 6, 

Lateral -Directional Dynamic Characteristics 

The period and damping characteristics calculated from the flight-determined 
derivatives are  presented as a function of Mach number in figure 16(a). Both P and 
Tl/z decrease with increasing Mach number at constant altitude. A decrease is also 

noted with decreasing altitude at constant Mach number primarily a s  a result of dynamic-
pressure effects. The damping ratio, c ,  on the other hand, increases with increasing 
Mach number and decreasing altitude to a maximum of 0.075. One maneuver, the 
aileron-only doublet at a Mach number of 0.70 and a.naltitude of 10,670 meters 
(35,000 feet), was near neutrally damped. This, in turn, was reflected a s  a noticeable 
increase in the time-to-damp-to-half amplitude and a reduction in 5 for this flight 
condition, a s  compared to the trends a t  other flight conditions. A comparison between 
the calculated period and damping characteristics and the values measured from the 
oscillograph records showed the differences to be negligible. 

A few selected maneuvers made with the yaw damper on were analyzed. A com
parison of the yaw-damper-on (fig. 16(b)) and yaw-damper-off data (fig. 16(a)) indicates 
a substantial increase in damping ratio attributable to the yaw damper. 

Figure 16(c) presents the roll and inverse spiral mode time constants. The well-
defined roll mode time constant, T ~ ,is stable throughout the flight range for all con

figurations tested and decreases with increasing Mach number (constant altitude) and 
decreasing altitude (constant Mach number). 

The results for the inverse spiral mode time constant, -1 , show considerable 
T S  

scatter, but the mode is evidently stable and thus agrees with pilot comments. The 
mode exhibits near-neutral stability with flaps deflected 50". In general the time for 
the transient oscillation to damp to half amplitude, T1/2, for the spiral mode is 
greater than 35 seconds. 

CONCLUDING REMARKS 

Longitudinal and lateral-directional stability and control derivatives determined 
from flight data by using the Newton-Raphson digital method a re  presented for various 
low-speed and cruise configurations of the CV-9'30 airplane. The airplane mode char
acteristics were in turn calculated from the flight derivatives. 
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Most of the derivatives obtained showed consistent and generally normal variations 
with lift coefficient, Mach number, and altitude. Many of the derivatives showed well-
defined effects due to  flap deflection, notably those for spoiler effectiveness and 
directional stability. 

The period, damping, and other mode shape characteristics calculated from the 
measured derivatives also exhibited normal trends with Mach number, altitude, and 
flap configuration. 

The damping ratio of the short-period longitudinal mode was large, from 0.4 to 
0.8, whereas the Dutch roll damping ratio for all conditions was light (less than 0.075) 
with the yaw damper off. 

Flight Research Center, 
National Aeronautics and Space Adminiutration, 

Edwards, Calif., December 7,1971. 
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APPENDIX A 

EQUATIONS USED FOR FLIGHT DATA ANALYSIS 

The equations of motion used to determine stability and control derivatives by the 
Newton-Raphson technique of matching flight data time histories are  summarized in 
this appendix. The equations a re  in body-axes form. 

Longitudinal Derivatives 

The following equations were used to analyze longitudinal short-period maneuvers: 

e = q  

The zero shifts of q and an were determined in the Newton-Raphson program by 

using the same error  minimization principle as used for finding the derivatives. 

Position correction for instrument location was unnecessary for an, because the 
accelerometer was located at the center of gravity; however, the following equation 
was used to correct for the a-vane location: 

XCY
CY = ai +-q

VO 

The following expression was substituted for Nse (see appendix B): 

-	 IYg-
N6e WV,Z M6e 

Latera1-Direc tional Derivatives 

The analysis of lateral maneuver derivatives was based on the following equations: 
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APPENDIX A - Concluded 

i~= -r + ~ p p  + ~ 6 ~ 6 ,
Ixz . + Lrr + ~~p + LG a6, + ~ 6 ~ 6 ,
IX 

Again, the error  minimization principle used in the Newton-Raphson method to 

find the zero shifts of p and r was the same a s  that used to determine the derivatives. 


Position correction for instrument location was not necessary for at because of 

the center-of-gravity location of the accelerometer; however, the following equation 
was used to correct for the p-vane location; 
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APPENDIX B 

USE O F  THE NEWTON-RAPHSON METHOD FOR DERIVATIVE DETERMINATION 

Technique Used 

The Newton-Raphson method of analysis (ref. 5) has many options to help the user 
to obtain the best possible set of derivatives with the flight data available. Primarily, 
these options permit control over which flight parameters (for example, p, r, p, g ,
a)are to be used in matching the time histories, what weight is to be attached to the 
flight parameters, and which of the derivatives should be allowed to vary from the 
initial starting values (usually wind-tunnel data or some reasonable estimate). The 
task of determining and assessing the effects of all combinations of different options 
for analyzing these data would be monumental; therefore, all the derivatives were 
allowed to vary and were weighted equally in the cost function. No attempt was made 
to control a particular derivative even if it appeared that the result could be improved 
by using other options. 

The basic principle of the Newton-Raphson method of analysis is to minimize the 
e r ror  in a match between flight time histories and computed time histories on the 
basis of the estimated o r  calculated derivatives. Only short-duration inputs were used 
a s  forcing functions (pulses and doublets); thus the control derivatives determined were 
based on much less information than the remaining stability derivatives. Although the 
pulse and doublet maneuvers provided good time history matches and derivative results, 
the ideal maneuver for the Newton-Raphson matching process would contain continuous 
forcing of the controls, independent of the other variables to be matched. 

Lift Due to Elevator 

Initially, the control derivative, N6,, was allowed to vary independently, but the 

results produced considerable scatter and obvious discrepancies in the calculated time 
histories. Therefore the derivative was assumed to be proportional to the elevator 
pitching moment, M6,, according to the following expression inserted in the program 

for all longitudinal short-period matching: 

Matching Multiple Time Histories 

With the first version of the Newton-Raphson method used, only one maneuver at 
a time could be matched. It was observed that independent matching of the three 
maneuvers available at a particular flight condition often gave significantly different 
sets of derivatives. The difficulty was due primarily to the lack of sufficient dynamic 
information in any one maneuver. At this point the program was modified to match all 
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APPENDIX B - Continued 

three maneuvers simultaneously; the results showed much better consistency when the 
derivatives were compared with those obtained at  other flight conditions. Figure 17 is 
a comparison of dimensional derivatives obtained by matching three maneuvers sepa
rately and then simultaneously. The derivatives Lp, L,, Np, and Nr show 

significant differences when matched separately. In all the matches the overall con
sistency of the derivatives increased when the three maneuvers were matched 
simultaneously . 

Effect of Data Interval, At = 0.1 Versus 0.2 

Shown also in figure 17 is a comparison of matches made at an available sample 
rate of 10 points per second and at the 5-point-per-second rate used throughout the 
lateral-directional analysis. The selection of 5 points per second was dictated by the 
limited amount of computer time available, and resulted in a reduction in computer 
time by approximately one-half. For all the derivatives the differences in the sampling 
rates a re  negligible, and the 5-point-per-second rate was adequate for the present 
investigation. 

Effect of Principal -Axes Inclination 

The basic computations in the Newton-Raphson method were performed in the 
principal axes for which the cross product of inertia, Ixz, is zero. Because the 

manufacturer's estimates of the inertias of the CV-990 airplane, although limited, 
indicated a small Ixz, the assumption was made that the inclination of the principal 

axes, E ,  was zero for all time history matches. To verify this assumption, the effect 
of E on the match of the time histories and the derivatives was checked. The flight 
parameters of roll rate and yaw rate were transformed from the aircraft body axes 
to the principal axes on the basis of assumed E .  The product of inertia is related to 
E and the principal-axes-oriented moments of inertia by the following expression: 

Ixz = 51 (Ix - Iz) sin 2~ 

A complete set of derivatives was calculated for inclination angles of - 2 O ,  -lo, O o ,  
lo, and 2' from two sets of maneuvers, selected for the extreme airplane weight dif
ferences, at the following flight conditions: 

Speed Altitude, m (ft) I Configuration I Weight, kg (Ib) 

140 knots 3,960 (13,000) 50' flaps 63,504 (140,000) 

0.80 M 10,670 (35,000) Clean 95,256 (210,000) 

The effect of E on the derivatives is shown in figure 18. The only derivative affected 
significantly for both flight conditions was Lp, which varied up to 10 percent per 

degree E from the value obtained for E = 0'. The only other derivative affected 
appreciably was Ng . In one maneuver set the Ng derivative varied up to 12 percent 
per degree. a a 
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APPENDIX B - Concluded 

The most likely value of E was determined by plotting E versus total error. 
The total error ,  which is the magnitude of the cost function at convergence, indicates 
the magnitude of the standard deviation between the flight data time history and its 
corre sponding Newton-Raphson calculated match. An improved match with a smaller 
discrepancy between the time histories results in a reduction of the total error. The 
variation of total e r ror  with E (fig. 19) tends to confirm the assumption that I x z  = 0. 

If all other data are considered to be good, theoretically, the total e r ror  should be 
minimal for each match. Therefore, the minimum total error  defined by the variation 
in E should also define the most probable values of E and IXZ of the airplane. 

Because the minimization of E occurred in the E range of -lo to lo (fig. 19), the 
assumption that E = 0 appears to be valid for all gross weights. 
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TABLE 1.- PHYSICAL CHARACTERISTICS O F  THE CV-990 AIRPLANE 

Fuselage . 
Maximum width. m (ft) ........................ 3.51 (11.50) 
Maximum height. m (ft) . . . . . . . . . . . . . . . . . . . . . . .  3.78 (12.42)
Length. m(f t )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  42.60 (139.75) 

Wing . 
Incidence (root). deg . . . . . . . . . . . . . . . . . . . . . . . . .  4 
Aerodynamic span. m (ft) ...................... 35.97 (117.99)
Area. m2 (a2) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  209 (2250)
Root chord. m (ft) . . . . . . . . . . . . . . . . . . . . . . . . . .  8.25 (27.06)
Tip chord. m (ft) . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.69 (8.83)
Mean aerodynamic chord. m (ft) . . . . . . . . . . . . . . . . . . .  6.34 (20.81)
Dihedral. deg ............................. 7 
Aspect ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.2 
Leading-edge sweep. deg ...................... 39 

Horizontal tail -
Area. m2(ft2) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39.6 (426.55)
Dihedral. deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.5 
Leading-edge sweep. deg . . . . . . . . . . . . . . . . . . . . . .  4 1  
Span. m (ft) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11.80 (38.74)
Aspect ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.52 

Vertical tai -
Area. mB (ft2) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27.4 (295)
Sweep at 30-percent chord. deg . . . . . . . . . . . . . . . . . . .  35 
Span. m(f t )  . . . . . . . . . . . . . . . . . . . . . . . . . .  : . . .  6.45 (21.17)
Aspect ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.52 

Aileron -
Area. m2 (ft2) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.78 (29.97)
Span. m (ft) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.93 (9.62)
Maximum travel. deg . . . . . . . . . . . . . . . . . . . . . . . .  315 

Inboard spoiler -
Area. m2 (ft2) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.65 (17.8) 
Mean aerodynamic chord. m (ft) . . . . . . . . . . . . . . . . . .  0.85 (2.8)
Maximum travel. deg . . . . . . . . . . . . . . . . . . . . . . . .  75 

Outboard spoiler -
Area. m2 (ft2) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.86 (41.51)
Mean aerodynamic chord. m (ft) . . . . . . . . . . . . . . . . . .  0.95 (3.11)
Maximum travel. deg ........................ 60 
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TABLE 2.- CV-990 STABILITY AND CONTROL INSTRUMENTATION 


~~~ 

Parameter 
~~ 

Left-hand elevator 
Right -hand elevator 
Rudder 
Left-hand aileron 
Right-hand aileron 
Left-hand outboard spoiler 
Left-hand inboard spoiler 
Right-hand outboard spoiler 
Right-hand inboard spoiler 
Static pressure 
Total pressure 
Angle of attack 
Angle of sideslip 
Pitch angle 
Roll angle 
Bitch rate 
Roll rate 
Yaw rate 
Center-of -gravi ty normal 

acceleration 
Center-of -gravity 

transverse acceleration 

Range 

12.1' to -25.2' 
11.4' to -25.7' 
s 5 .  1' 
14.6OtO -15' 
15.1' to -16' 
59.4' to 0' 
68' to 0' 
58.3' to Oo 
73.2' to 0' 
15,082 N/m2 (3'15 lb/ft2) 
3400 N/m2 (71 lb/ft2) ) 
35' to -15' 
416 ' 
40' to -20' 
*20 ' 
*lo  deg/sec 
*20 deg/sec 
*10 deg/sec 
2.5g to 0 g 

*. 5g 

_- .--_--
Total e r ror  

1.8' 
1.7' 
1.4' 
1.4' 
1.5' 
2.6' 
2.9' 
2.6' 
3.1' 
891 N/m2 (18.6 lb/ft 
168 N/m2 (3.5 lb/ft2 
2. 1' 
1.4' 
2.7' 
1.9" 
.9  deg/sec 
1.8 deg/sec 
.9 deg/sec .l l g  

.04g 
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TABLE 3. -CV-990 BASIC FLIGHT CONDITIONS 

(a) Longitudinal 

Center ofvi, h o t s  
hP, 1 

Gear w, gravity, atrim, - IY, 
o r  M m (ft) j

i 'f' d e g ~position 
kg-(lb) I percent E deg ' kg-m 2 (slug-ft 2) 

3,960 (13,000) 0.5988 X lo5 (1.32 X lo3) 24.8 8.2 5.545 x 106 (4.090 x lob) 
3,960 (13,000) .6305 (1.39) , 24.7 11.1 5.410 (3.990) 
3,960 (13,000) .6623 (1.46) 24.9 4.9 5.274 (3.890) 
3,500 (11,500) .6623 (1.46) 24.4 7.4 5.274 (3.890) 
3,960 (13,000) .6713 (1.48) 24.2 2.6 5.274 (3.890) 

160 3,960 (13,000) .7122 (1.57) 23.4 5.2 5.139 (3.790) 
180 3,960 (13,000) .7666 (1.69) 24.3 1.3 4.976 (3.670)

' 180 3,960 (13,000) 27 Down ,8187 (1.81) 23.8 4.0 4.867 (3.590) 
192 4,570 (15,000) 27 Down .6895 (1.52) 24.2 .6 5.026 (3.840) 
195 4,570 (15,000) 0 Down .7303 (1.61) 24.5 4.2 5.057 (3.730) 
195 3,960 (13,000) 0 UP .6486 (1.43) 24.4 3.0 5.342 (3.940) 
.40 6,096 (20,000) 0 UP .7530 (1.66) 25.3 6.3 4.976 (3.670) 
.50 6,250 (20,500) 0 UP .8074 (1.78) 25.4 3.4 4.840 (3.570) 
.60 6,096 (20,000) 0 UP .8709 (1.92) 26.5 1.5 4.718 (3.480) 
.70 6,096 (20,000) 0 UP .9707 (2.14) 20.5 1.0 4.935 (3.640) 
.80 6,130 (20,100) 0 UP .7620 (1.68) 20.4 -.7 5.003 (3.690) 
.85 6,400 (21,000) 0 UP .7439 (1.64) 23.8 -.8 5.030 (3.710) 
.70 8,534 (28,000) 0 UP .7802 (1.72) 23.8 .7 4.949 (3.650) 
.61 10,670 (35,000) 0 UP .9163 (2.02) 24.2 5.6 4.786 (3.530) 
.70 10,670 (35,000) 0 UP .9435 (2.08) 22.2 3.3 4.867 (3.590) 
.80 10,670 (35,000) 0 UP .9616 (2.12) 22.1 1.8 4.895 (3.610) 
.87 10,670 (35,000) 0 UP .7847 (1.73) 24.3 -.8 4.935 (3.640) 
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TABLE 3.- Concluded 

(b) Lateral-Directional 
I I 

vi, knots hP, b f ,  deg Gear W, Center of 
gravity,- % i m 9  lX* 129 

or  M m (ft) kg Ob) percent c deg kg-m' (slug-ft2) kg-m2 (~1ug-R~)  

120 3,960 (13,000) 50 Down ).5864 X lo5 (1.29 X lo5) 24.9 8.2 2.373 X lo6 (1.750 X lo6) 7.525 X lo6 (5.550 X lo6) 
120 3,960 (13,000) 27 Down .6136 (1.35) 11.1 2.386 (1.760) 7.525 (5.550) 
140 3,960 (13,000) 50 Down .6455 (1.42) 4.9 2.413 (1.780) 7.525 (5.550) 
140 3,930 (12,900) 27 Down .6455 (1.42) 24.5 7.4 2.427 (1.790) 7.525 (5.550) 
160 3,960 (13,000) 50 I Down .6515 (1.43) 24.3 2.6 2.435 (1.796) 7.525 (5.550) 
160 3,960 (13,000) 27 Down .6970 (1.53) 23.8 5.2 2.503 (1.846) 7.538 (5.560) 
175 3,730 (12,260) 50 Down .7409 (1.63) 24.2 1.3 2.590 (1.910) 7.538 (5.560) 
180 3,960 (13,000) 27 Down .7924 (1.74) 1 24.9 4.0 2.725 (2.010) 7.565 (5.580) 
195 4,570 (15,000) 27 Down .6788 (1.49) 24.2 I - 6  , 2.468 (1.820) 7.560 (5.576) 
194 4,860 (16,000) 0 Down .7045 (1.55) ~ 24.8 ' 4.2 ' 2.535 (1.870) 7.538 (5.560) 
195 3,960 (13,000) 0 UP .6545 (1.44) 24.5 3.0 2.427 (1.790) 7.525 (5.550) 
.40 6,096 (20,000) 0 UP .7515 (1.65) 6.3 I' 2.617 (1.930) 7.525 (5.550) 
.50 6,250 (20,500) 0 'UP .7909 (1.74) I 3.4 2.725 (2.010) 7.538 (5.560) 
.60 6,096 (20,000) 0 ' u p  .8500 (1.87) (2.150) 7.633 (5.630) 
.70 6,096 (20,000) 0 UP .9530 (2.10) (2.413) 7.932 (5.850) 
.80 6,200 (20,300) 0 UP .7500 (1.65) (1.930) 7.552 (5.570) 
c185 6,096 (20,000) 0 UP .7242 (1.59) (1.880) 7.552 (5.570) 
.70 8,534 (28,000) 0 UP .7773 (1.71) (1.980) 7.565 (5.580) 
.61 10,350 (34,000) 0 UP .9121 (2.01) (2.310) 7.715 (5.690) 

, 	 .70 10,670 (35,000) 0 UP .9288 (2.04) (2.353) 7.773 (5.733) 
.80 10,670 (35,000) .9530 (2.10) (2.4101 7.864 15.8001 
.86 10,670 (35,000) 



TABLE 4.- VARIANCE AND PROBABLE-ERROR INDEX 


Derivative I Variance Probable - e r r o r  index 

Longitudinal 

Mq, l/sec 0.0418 4.6 
M,, l/sec 2 .0307 1.6 

M , l/sec2 

Nq 
6e .0401 

. O l l O  

2 .3  
---

N,, l/sec .0138 3.8 

Lateral  -directional 

0.00993 2 . 1  

.04199 13.1 

~ 6 ~ ,l /sec2 .01270 2.0 

L ~ ,Usee .01423 1.4 

L,, U s e c  .02783 _-__ 
L ~ ,l /sec2 .04370 1.1 

~ g , ,l/sec2 .00143 2.2 

~ g , ,  l/sec2 .00854 1.0 

~ g , ,U s e 3  .00189 1.9 

Np, l/sec ,00226 ----
Nr, l/sec ,00447 5.2 

N ~ ,U s e 2  .00505 . 6  

YG,, .00095 ----
Y6,, l/sec .00333 10.7 

ygS, Vsec .00057 ----
Y l/secP’ .00189 1 .3  
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TABLE 5.- CV-990 DIMENSIONAL DERIVATIVES 

vi, knots hP, 
o r  M 

120 
120 
140 
140 
160 
160 
180 
180 
192 
195 
195 
.40 
.50 
.60 
.70 
.80 
.85 
.70 
.61 
.70 
.80 
.87 

m (ft) 
3,960 (13,000) 
3,960 (13,000) 
3,960 (13,000) 
3,500 (11,500) 
3,960 (13,000) 
3,960 (13,000) 
3,960 (13,000) 
3,960 (13,000) 
4,570 (15,000) 
4,570 (15,000) 
3,960 (13,000) 
6,096 (20,000: 
6,250 (20,500) 
6,096 (20,000: 
6,096 (20,000: 
6,130 (20,100) 
6,400 (21,000) 
8 ,534 (28,000 

10,670 (35,000) 
10,670 (35,000) 
10,670 (35,000: 
10,670 (35,0001 

(a) Longitudinal 

Gear 
position Nse 

50 Down -0.2145 -0.6565 -0.3380 0.50650 0.1055 3.0162383 
27 Down -.8580 -.4658 -.6478 .43375 .2788 .0300462 
50 Down -.8932 -.7798 -.8534 .I5999 .4866 .0326879 
27 Down -.9558 -.4242 -.7943 ,38161 .3287 .0311762 
50 Down -.9311 -1.1545 -1.1634 .16770 .7561 .0382597 
27 Down -1.0080 -1.0968 -1.1213 .16449 .6032 .0360433 
50 Down -1.0126 -1.2876 -1.2756 .06166 .6538 .0352414 
27 Down -1.0714 -1.4404 -1.4279 .04234 ,6169 .0371148 
27 Down -.9587 -1.9121 -1.5927 .08736 .7617 .0420119 

0 Down -1.1732 -1.5000 -1.7419 .07981 6512 ,0435265 
0 UP -1.2037 -1.3451 -1.5872 .lo552 6690 .0429979 
0 UP -.7357 -.6165 -1.3003 .04966 .4591 .0318525 
0 UP -.9616 -1.2555 -1.6883 .11127 .5807 .0316784 
0 UP -.8909 -2.6334 -2.4957 .00217 .7528 .0370859 
0 UP -1.3338 -5.7575 -4.0053 -.00503 .8857 .0477859 
0 UP -2.0696 -5.0671 -4.6495 -.01048 1.1349 .0564648 
0 UP -2.43 63 -6.4589 -5.2787 -.04713 1.2873 .0614508 
0 UP -1.3521 -3.4328 -2.7112 .00529 .8061 .0382632 
0 UP -.6642 -.4343 -1.5844 .03452 .2564 ,0238488 
0 UP -.8274 -1.0372 -1.7183 .04409 .3721 .022 1392 
0 UP -1.7511 -2.8908 -3.4395 .00716 .6686 .0383703 
0 UP -1.3689 -4.6220 -2.7370 -.00247 .7899 .0318854 



-- 

TABLE 5.- Concluded 

(b) Lateral-directional 

V., knots hP9 6f. deg Gear  I 
or M m (ft) LP L r  LP L6s NP Nr N6a N6r y% y%- -- ----- 
120 3,960(13,000) 50 Down -0.662 0.499 -1.587 0.188 0.070 1.425 -0.113 -0.089 0.323 1.0525 -0.342 I. 0915 3.035 0.0019 
120 3,960 (13,000) 27 Down -.766 .257 -1.755 .153 .092 .258 -.141 -.121 .202 .0506 -.305 .0652 .044 .0031 
140 3,960 (13,000) 50 Down -.E38 .325 -2.063 .235 .210 .509 -.087 -.116 .522 .0546 -.424 .1134 .022 -.0006 
140 3,930(12,900) 27 Down -.918 -.059 -2.037 .294 .131 .350 -.104 -.116 .414 .0498 -.439 .0804 .007 -.0069 
160 3,960(13,000) 50 Down -.950 .216 -2.357 .374 .153 .631 -.056 -.089 .727 .0458 -.483 .1606 .029 -.0024 
160 3,960(13,000) 27 Down -.927 .185 -2.246 .349 .344 .394 -.111 -.130 .514 .0766 -.509 .0945 .024 -.0013 
175 3,730 (12,260) 50 Down -.E99 .280 -2.311 .401 .188 .694 -.067 -.152 .839 .Of589 -.597 .1540 .023 -.0046 
180 3,960(13,000) 27 Down -1.002 .027 -2.405 .420 ,227 .433 -.082 -.136 .692 .0878 -.584 .1220 .027 -.0025 
195 4,570 (15,000) 27 Down -1.139 -.095 -2.774 .571 .113 .628 -.074 -.084 .965 .1138 -.709 .1448 .040 -.0015 
194 4,860 (16,000) 0 Down -1.011 .002 -3.328 ,572 .171 .369 -.082 -.136 .812 .0848 -.722 .0683 .035 .0004 
195 3,960(13,000) 0 Up -1.195 -.047 -3.175 .551 .369 .549 -.058 -.123 .972 .0902 -.849 .0612 .033 .0027 
-40 6,096(20,000) 0 Up -.790 .139 -2.602 .400 .262 .262 -.091 -.124 .582 .0600 -.656 .0528 ,028 -.0008 
.50 6,250(20,500) 0 Up -.862 .174 -3.003 .600 .530 .458 -.054 -.068 1.011 .0700 -.a73 .0660 -.124 .023 .0027 
.60 6,096(20.000) 0 Up -1.077 -.106 -4.063 .900 .810 .620 -.024 -.096 1.613 .0900 -1.207 .1190 .040 -.0013 
.70 6,096(20,000) 0 Up -1.274 -.549 -5.142 1.300 .369 .961 -.014 -.118 2.289 .1201 -1.615 .1400 .035 -.0018 
.80 6,200 (20,300) 0 Up -1.570 .036 -7.234 1.847 2.586 .274 .020 -.103 3.470 .1652 -1.808 .1329 .052 -.0030 
.85 6,096(20,000) 0 Up -1.748 .123 -8.455 2.252 .822 .Oll .045 -.068 4.027 .1873 -1.713 .1418 .033 .0004 
.70 8,534(28,000) 0 Up -1.182 -.122 -4.926 1.203 .681 .783 -.013 -.088 1.869 .1305 -1.161 .lo54 .034 .0005 
.61 10,350 (34,000) 0 Up -.503 -.070 -2.584 .436 .160 .229 -.027 -.058 .682 .0562 -.655 .0516 .015 .0007 
.70 10,670(35,000) 0 Up -.724 .051 -3.429 .702 .278 .488 -.039 -.029 1.036 .0897 -.756 .0699 .024 -.0023 
.80 10,670 (35,000) 0 Up -.814 -.100 -4.166 .996 -.005 .685 -.068 -.154 1.475 .1447 -1.158 .lo19 .015 -.0013 
.86 10,670 (35,000) 0 Up -1.144 -.371 -4.990 1.300 .912 .789 -.011 -.098 2.270 .1900 -1.335 .lo63 -.130 I 0 .023 -.0007-- ------- --
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Figure 1. CV-990 airplane. 
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Figure 2. Three-view sketch of the CV-990 airplane. 
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Figure 3. Variation of aileron and spoiler deflection with the normal range 
of wheel usage. 
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hp, m (ft) 
o 6, 096 (20, 000) 
0 8, 534 (28, 000) Clean conf igurat ion 
0 10, 670 (35, 000) 

Conf igurat ion 
A 50" flap deflection, gear down 

A 27" flap deflection, gear down hp= 3960 m (13,000 ft) 

A 0" flap deflection, gear down 


Clean 

0 


0 .2 . 4  .6 , 8  1.0
M 

Figure 4. CV-990 operating envelope showing Mach number and altitude conditions at 
which stability. and control data were obtained. 
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Flight data 
--- Calculated time history

4r 


4 
2 
0 
-

q, deglsec 

-2 

-

2 
0 

8 r-

I 

0 5 
t, sec 

10 


(a) Vi = 140 knots, hp = 3960 m (13,000 ft), 6f= 50° .  

Figure 5. Typical Newton-Raphson matches of pullup and release maneuver time 
histones. 
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Flight data 

Calculated t ime history 


-a 
-12 1 I 1 

-2 t I 1-4 

4  

2 
0 - I 

-L  ' I I I I 

0 5 10 15 20 
t, sec 

(b) M = 0.80, hp = 10,670 m (35,000 f t ) ,  clean configuration. 
Figure 5. Concluded. 
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-- 
Flight data 

- Ca Iculated t ime h is tory  

I I I I 1 

4, 

b r ,  deg 0 1 - 

-4 I I - 1  I 1 


-20 I - -
. 1 .. . 1 I . . . I J 


-.~ 

-10 .. I . I - -

0 5 10 15 20 25 
t, sec 

(b) Aileron doublet: Vi = 140 knots, hp = 3960 m (13,000ft), 6f = 50’. 

Figure 6. Continued. 
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Flight data 

Calculated t ime h is tory  


-

-20 1 I . I J 

-4 I l . 1 _ . 1 I .  I 

lor 
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a t ,  !I 

-.1 1 1 . I I . - 1 
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r, deglsec 0 

-4 I 1 _ - J 

p, deglsec 0 
I - I J-10 

0 5 10 15 20 25 
t, sec 

(c) Aileron plus spoiler doublet: Vi = 140 knots, hp = 3960 m (13,000 ft), 6f = 5 0 ° .  

Figure 6. Continued. 
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Flight data 

Calculated ti me history 


* O r  

lor 

20 r 

-20 ULU 

r, deglsec 0 

-44z 
p, deglsec 0 

-10 
0 5 10 15 20 

t, sec 
(d) Rudder doublet: M = 0.80, hp = 10,670 m (35,000 ft), clean configuration. 

Figure 6 .  Continued. 
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Flight data 

Calculated t ime h is tory 


2o r
4, deg 0 

-20 I I I I 

I I ! I 

2o r 

r, deglsec 410 

10 - -p, deglsec 0 

-10 I 
0 5 10 15 20 

t, sec 
(e) Aileron doublet: M = 0.80, hp = 10,670 m (35,000 ft), clean configuration. 

Figure 6 .  Continued. 
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Flight data 
--- Ca Iculated time history 

-20 _ - _ - - - !I 

4 r 

rl deglsec 0 J 
-4 I]----- I 


0 5 10 15 20 

t, sec 


( f )  Aileron plus spoiler doublet: M = 0.80, hp = 10,670 m (35,000 ft), clean 
configuration. 

Figure 6 .  Concluded. 
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Conf igurat ion 
A 50" flap deflection, gear down 
A 27" flap deflection, gear down 
A 0" flap deflection, gear down 

Clean 

hp, m (ft) 
o 6,096 (20,000) Clean 
0 	 8, 534 (28, 000) 

0 10,670 (35,000) Iconf i guration 


. 8 r  

3960 cL - 4  

0 I l l 

I A 
f i n t 

A l i n e  

cma - l 1 "  A A 

A 

-40 t t 0 

0 0 
'mbe -1 0 0 fl O I 9  

0 

-2 I I 
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Conf igurat ion 
A 50" flap deflection, gear down 

A 27" flap deflection, gear down hpz 3960 m 


A 0" flap deflection, gear down (13, 000 ft) 

A Clean 


A 


A A 


0 
-120 

A 

A 


A 

-80 

'Nq 40 

0 

-40 
1.0 

CNa, .5L 
0 d 

.4  .6 .8 1.0 1.2 1.4
CI

L 

6,096 (20,000) 
0 8, 534 (28, OOO) 
0 10, 670 (35, OOO) 

0-0O 

-	 0- 0- 0 

0 

/Constant  CL l i n e  

I I I I I 1 

. 3  .4 .5 .6 .7 -8 .9 
M 

Figure 8. Variation of flight-determined longitudinal normal-force derivatives with 
l i f t  coefficient and Mach number. 
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A A  


p, 10-
A 0 s ec A 0 

0 0 
%b 4 0 08 0 0 0  

0 1 I . 

h,,, m (ft) 
6, 096 (20, 000) 

0 8, 534 (28, 0001 Clean conf igurat ion
6 0 10, 670 (35, 000) 

A 

A A


4 - A 

T1/2 A 
s ec 

2 -

P &h mp" 0 

0 


A * 4 4  A 
$P 0 

t; . 4 t  
A 

Conf igurat ion 
50" flap deflection, gear down 
27" flap deflection, gear down 
0" flap deflection, gear down (13, 000 ft) 
Clean 

0 

0 


0 �3 0 

1 I 

0 


0 0 


I 
. 9  

(a) Short-period mode; calculated from flight-determined derivatives. 
Figure 9. Variation of longitudinal period and damping characteristics with Mach 
number. 
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80 L 6096 m (20, OOO ft) 

'' 60sec 

40 


20 F 3 9 6 0  m (13, O00 ft) 


I0 I____-_- - ..I 
.2 .3 . 4  

hp, m (ft) 
o 6, 096 (20, OOO) 
0 8,534 (28,000) Clean conf igurat ion 
0 10,670 (35, OOO) I 

Conf igurat ion 
A 50" flap deflection, gear down 
A 27" flap deflection, gear down 
A 0" flap deflection, gear down 

Clean 
Flag indicates Mach t r i m  o n  

based o n  manufacturer 's  data 

ff 

0 0
m .. ~~ I 1. ~ . ~I 

I - I .. . 1 -L 
.5 .6  .7  .8 . 9  

M 

(b) Phugoid mode; measured from flight data. 
Figure 9. Concluded. 
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Conf igurat ion 
A 50" flap deflection, gear down 
A 27" flap deflection, gear down 
A 0" flap deflection, gear down 
A Clean 

-. 10- * 0 5 L  

A AA 

L -.20 d A 

-. 25 U J LLl1 I 

.20 
A A 


A
A A  A 


A [Constant CL l i n e  

0O S t I  I I I I t , l  

~ y p - l . o ~ laA ft, ;,I 
-1.5 

;al-2.0. . 6  .8  1.0 1.2 1.4 . 3
1; 1 ;

.7 .8 . 9.4 .5  .6  
CL M 

Figure 10. Variation of flight-determined lateral-directional static stability derivatives 
with l i f t  coefficient and Mach number. 
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Conf igurat ion 
A 50" flap deflection, gear down 
A 27" flap deflection, gear down 
A 0" flap deflection, gear down 
A Clean 

A & A  Ih A 
%-*E:--A - .2  

0

A 


-.3I ! 12 ! 1 _ I - - I I I 1 
. 4  .6 .8 1.0 1.2 1.4 . 3  . 4  . 5  .6  . 7  .8  .9  

CL M 

Figure 11. Variation of flight-determined lateral-directional damping derivatives with 
lift coefficient and Mach number. 
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Conf igurat ion hp, m (ft) 
A 50" flap deflection, gear down o 6, 096 (20, 000) 

A 27" flap deflection, gear down 0 8, 534 (28, 000) Clean conf igurat ion 

A 0" flap deflection, gear down 0 10, 670 (35, 000) 

d Clean 
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Figure 12. Variation of flight-determined lateral-directional cross-coupling derivatives 
with lift coefficient and Mach number. 
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Conf igurat ion 
A 50" flap deflection, gear down 
A 27" flap deflection, gear down 
A 	 0" flap deflection, gear down 

Clean 

.04
."'c 
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.06- A 
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A A A 

.03 -d A A  
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0 1 1 I 
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o i  A I 1 L 1 
.4 .6  .8 1.0 1.2 1.4 
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hp, m (ft) 
6,096 (20,000) c lean 

0 8,534 (28,000) conf igurat ion 
0 10,670 (35,000)I 

0 
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0 0 
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M 

Figure 13. Variation of flight-determined lateral-directional roll control derivatives 
with l i f t  coefficient and Mach number. 
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Conf igurat ion 
A 50" [lap deflection, gear down 
A 27" flap deflection, gear down 
A 0" flap deflection, gear down 
A Clean 
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.020 

.015 

cn4 A-. O l O  

.005 
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hp, m (ft)

Ihp 3960 0 6, 096 (20,000) 
0 8, 534 (28,000) Clean conf igurat ion

(13, OOO ft) 0 IO,670 (35,000) I 
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A
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-.05 t 
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"ar -.10 0 Q 0 0  
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Figure 14. Variation of flight-determined lateral-directional yaw control derivatives 
with lift coefficient and Mach number. 
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Configurat ion h
P 
, m (ft) 

A 50" flap deflection, gear down hp= 3960 m o 6, 096 (20, 000) 
A 27" flap deflection, gear down 0 8,534 (28,000) 
A 0" flap deflection, gear down (13, OOO ft) 0 10, 670 (35,000) 

Clean 

* l o r  0-05  
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O @ 0 
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.050 
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Figure 15. Variation of flight-determined lateral-directional side force control 
derivatives with lift coefficient and Mach number. 
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hp, m (ft) 
6,096 (20,000) 

0 10,670 (35,000) I Clean conf igurat ion0 8,534 (28,000) 

Conf igurat ion 
A 50" flap deflection, gear down 
A 27" flap deflection, gear down hp =: 3960 m (13, 000 ft) 

A 0'flap deflection, qear down I 

A Clean 


01 

0 

0 

*lor A 0 0 

5 ~ 0 5 -
0 0 

0 
0 

0 I I P I I 

A f 
Pph 0 8 0 

Q' 

(a) Dutch roll mode period and damping. 
Figure 16. Variation of lateral-directional characteristics, calculated from flight-
determined derivatives, with Mach number. 
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hp, m (ft) 

6, 096 (20, Oo0) Clean configuration
0 10, 670 (35,OOO) 

Damper on 

Damper off 

. 3  . 4  . 5  . 6  . 7  . 8  . 9  
M 

(b) Comparison of damper on and damper off damping ratio. 

Figure 16. Continued. 
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Conf igurat ion
A 50" flap deflection, gear down 
A 27" flap deflection, gear down hp z 3960 m (13,000 ft) 
A 0" flap deflection, gear down I 
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A Clean 0 

A 
0 0


0 

A A 0  0 0 


A 
A 0 

0
0.0 3 

-.02 L- I I I 1 I J 

0 


0 


0 0 0 


0 0

8 

I 1 L-..I I I J 
. 2  . 3  . 4  .5 6 . 7  .8 .9 

M 

(c) Roll and spiral mode time constants. 
Figure 16. Concluded. 
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o M = 0.80, hp = 10,670 m (35, 000 ft), clean conf igurat ion 
A V i  = 140 knots, hp = 3960 m (13, OOO ft), 50" flap deflection 

0 

-.4 

LP 
-.8 -Pa 0 

& A 
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-1.2 I .  I 
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A A 


-.4c 0 

-. 6 u 2 
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--2 -.A A A A
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-4 -00 0 0  
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Corn- 4 b+dS 43 Com- dr i&+& 4 
b i n d  bined 

(a) Rolling-moment derivatives. 
Figure 17. Comparison of dimensional derivatives obtained by matching maneuvers 
separately and then simultaneously at a sample rate of 5 points per second @ps) and 
10 points per second. 
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o M =0.80, hp = 10, 670 m (35, 000 ft), clean configuration 
A Vi = 140 knots, h p  =3960 m (13, OOO ft), 50" flap deflection 

4r N6r - l  PO O 

3 '  

NB 2 - . 2  -

0 0  0 0 0  

1 - Nh . 1 - d  8 8 
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(b) Yawing-moment derivatives. 
Figure 17. Continued. 
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r 0 M = 0.80, hp = 10, 670 m (35, 000 ft), clean conf igurat ion 
A V i  = 140 knots, hp = 3960 m (13, 000 ft), 50" f lap deflection 

-.01 1 
10 5 5 5 5 pps 
C Y - a, &+as a,b i n d  

(c) Side force derivatives, 

Figure 17. Concluded. 
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o M =0.80, hp= 10,670m (35, OOO ft), clean configuration 
A Vi = 140 knots, h, =3960 m (13,000 ft), 50" flap deflection 
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0 M =O. 80, hp = 10,670 m (35,000 ft), clean configuration 
A Vi = 140 knots, hp =3960 m (13, OOO ft), 50" flap deflection 

1Lba 1 0 0 I 

L 	

0 0 

A A 
0 t , t  I 1 

1'[ 
0 0 ! A

0 4A A 
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-3 -2 -i l 1 2 3 
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Figure 18. Continued. 
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o M =0.80, hp = 10,670 m (35, OOO ft), clean configuration 
A Vi  = 140 knots, hp =3960 m (13, OOO ft), 50" flap deflection 
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o M =0.80, hp = 10, 670 m (35, 000 ft), clean conf igurat ion 
A V i  = 140 knots, hp=3960 m (13, 000 ft), 50" flap deflection 
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A A A A 


0 0 
0 0 


-2 1 I 

N
Na, .l- Q 4 6 A A 
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0- I I bI I 

(d) Nbas  Nb,' 
Figure 18. Continued. 

63 




o M = 0.80, hp = 10,670 m (35,000 it), clean configuration 
A Vi = 140 knots, h, =3960 m (13,000 ft), 50“ flap deflection 

n n 0 0 
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0 M =0.80, hp= 10,670 m (35, OOO ft), clean configuration 

A Vi = 140 knots, hp = 3960 m (13, OOO ft), 50" flap deflection 

~ /
-2 -1 1 2 3 

E ,  'eg 

Flgure 19. Variation of total error with prindpal-axes inclination for two flight
conditians. 
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